The effects of low-temperature acclimation and oxygen stress on tocopherol production were examined in the unicellular phytoflagellate Euglena gracilis Z. Cells were cultured photoheterotrophically at 27.5 1°C with 5% carbon dioxide-95% air and 740 microeinsteins m-2 s-' (photosynthetically active radiation) and served as controls. Low-temperature acclimation (12.5 ± 1C) and high-oxygen stress (5% carbon dioxide-95% oxygen) were individually examined in the mass culturing of the algae. Chromatographic analyses demonstrated a sixto sevenfold enhancement of a-tocopherol production in temperature-stressed cells, along with a concomitant decline in the levels of a-tocotrienol and the absence of other tocopherol homologs. Oxygen-stressed cultures demonstrated the presence of high levels of a-tocopherylquinone; a-tocopherol and its homologs and precursors were absent or declined markedly. These findings are discussed in terms of the feasibility of microbial production of natural tocopherols. In addition, these results lend themselves to speculation regarding the biological role(s) of tocopherols as antioxidants and free radical scavengers in reducing photo-induced oxidative damage or lipid peroxidation toxicities or both in photosynthetically active E. gracilis Z.
The nutritional and biochemical roles of vitamin E (citocopherol and its homologs) as an antioxidant and free radical scavenger (17, 24) and a membrane lipid stabilizer (6, 15) have become increasingly recognized. In an attempt to determine novel economical sources of natural tocopherols and related quinones, the mass fermentation of these compounds from microbial sources has become a biotechnological problem worthy of investigation.
In the past a variety of microbial flora have been exploited commercially for the production of water-soluble vitamins and carotenoids (1, 3, 11) , yet comparatively little attention has been directed toward microbial tocopherol production and its feasibility. Tocopherol production in microorganisms has recently been reviewed and examined in a number of procaryotic and eucaryotic organisms (9; B. A. Ruggeri, M.S. thesis, University of Delaware, Newark, Del., 1984). These investigations found that most procaryotes and yeasts produce little if any oa-tocopherol, its homologs, or commercially valuable quinone moieties. Among the most promising tocopherol-producing species investigated in this and other laboratories (8, 9, 14, 26 ; K. K. Shiseido, Japanese patent 128769, Sept. 1980 ) is the unicellular phytoflagellate Euglena gracilis Z. This genus of the Euglenophyta possesses a number of stable taxonomic forms inhabiting diverse, often harsh environments (12) . The nutritional and biochemical versatility of this genus, particularly its lipid biosynthetic capabilities, have been previously demonstrated (4, 10, 13, 20) . The type species of the genus E. gracilis Z is capable of growing as a strict autotroph, a photoheterotroph, or a strict heterotroph lacking differentiated chloroplasts; the lipid profile of the species reflects its nutritional mode (4, 13, 20 The present study was directed at investigating the effects of low-temperature stress and altered oxygen tension on the production of tocopherols in photoheterotrophic cultures of E. gracilis Z. In an attempt to enhance production of the vitamin in mass culture, these manipulations were directed at increasing the probability of oxidative or photoinduced free radical damage or both to the cells, with photoinduced free radical damage resulting from low-temperature or oxidative stress (18, 21) . Because the net effect of these cellular perturbations would be a greater physiological need for a membrane-localized antioxidant-free radical scavengerlipid-stabilizing agent, we attempted to stimulate the tocopherol biosynthetic capabilities of the alga in responding and adapting to these environmental stresses. Low-temperature studies. Cultures used in these studies were grown under identical incubation conditions as those described above and in duplicate trials. After 55 h of incubation a sample of cells was harvested, and the temperature within the incubation chamber was lowered from 27.5 ± 1°C (control) to 12.5 ± 1°C. This was accomplished by decreasing the temperature 2 to 3°C at 15-min intervals over 2.5 h. At this time (57.5 h) additional cells were harvested. Finally, low-temperature-acclimated cells were harvested at 100 and 125 h. All incubation parameters except temperature were identical to those of controls.
MATERIALS AND METHODS
Oxygen-stress studies. Cultures of E. gracilis Z were prepared and incubated as described for controls. At 55 h the atmosphere was modified to a filtered mixture of 5% carbon dioxide-95% oxygen; flow rate, temperature, agitation, and illumination were maintained as in controls. Cultures were harvested at 55 h (i.e., before atmosphere modification) and at 57.5, 100, and 125 h. Oxygen-stress trials were done in duplicate.
Harvesting and lipid extraction procedures. Algal cultures were harvested by centrifugation at 330 x g for 15 min at 0 to 5°C. Supernatants were discarded, and cell pellets were washed twice with distilled water, suspended, and transferred to preweighed freeze-drying vessels. After freezing at -20°C, samples were lyophilized with a freeze-drier (Labconco Corp., Kansas City, Mo.). After 36 h of freezedrying, the vacuum was released under nitrogen and sample dry weights were obtained.
Solvents (14) failed to provide sufficient information on illumination conditions or harvesting times in their studies. Similarly, the results reported by Threlfall and Goodwin (26) are based on 7-day cultures grown photoheterotrophically, but under different conditions of illumination, aeration, and agitation, all of which were not clearly specified. Consequently, precise comparisons with the findings reported here are not possible.
The effect of low-temperature acclimation of E. gracilis Z is shown (Fig. 1) . It can be seen that throughout the acclimation period, cell division ceased for approximately 50 h; growth then resumed but at a reduced rate. This pattern is similar to that reported for the halotolerant alga Dunaliella salina (16) grown at comparable temperatures, although the latency period for the latter organism was approximately twice as long.
The effects of low temperature on tocopherol production were marked (Table 3 ). It would appear that despite the slight decline in cx-tocopherol production in the first few hours of low-temperature exposure, during the acclimation period (ca. 50 h) cx-tocopherol production was enhanced significantly. Concentrations approximately 11-fold greater than 100-h controls (Table 2) , and concentrations 6-fold greater than those of 125-h controls were observed. Although no reports of this nature have appeared, Fork (5) observed a marked increase in carotenoid production in Synechococus lividus under comparable conditions of lowtemperature acclimation.
An important observation in these results was the pronounced inverse relationship demonstrated between elevated ca-tocopherol levels in low-temperatute cultures and the absence of any detectable level of cx-tocotrienol in these cultures (Table 3) . Although the authors are not aware of any prior reports of this moiety in E. gracilis, these findings are in agreement with several of the biosynthetic scenarios for tocopherol production (7, 25) in other species studied.
The effect of oxygen stress on E. gracilis Z is illustrated (Fig. 2) . It can be seen that the generation time of the cultures was not affected by atmospheric modification, the ,u value being almost identical with that of control cultures throughout mid-to late-exponential growth.
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